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Abstract: Human periodontal ligament stem cells (HPLSCs) contribute to the regeneration of periodontal tissue because of 
their multilineage potential. Although monolayer cultures are commonly used in cell cultures, they inadequately overcome 
their low differentiation capacity. The use of spheroid cultures is expected to overcome the problem of mimicking the in 
vivo microenvironment. In this study, we assessed whether HPLSC spheroids are susceptible to osteogenic differentiation 
through the canonical Wnt/β-catenin signaling pathway. HPLSC spheroids were generated using low-binding plates. Osteo-
genic differentiation of monolayer- and spheroid-derived HPLSCs was induced by osteogenic induction medium. Increased 
expression levels of osterix and Runx2 and intense staining of alkaline phosphatase (ALP) activity were observed in sphe-
roid-derived HPLSCs, as compared with monolayer-derived cells. During spheroid formation, the integrin pathway of cells 
composed of spheroids was activated through focal adhesion kinase (FAK), suggesting that this activation may induce sus-
ceptibility of the Wnt pathway in HPLSC spheroids. Wnt 3a stimulation increased the expression levels of β-catenin and 
T-cell factor (TCF), but decreased that of glycogen synthase kinase-3β. Wnt 3a-induced the expression of β-catenin and 
TCF was effectively decreased by Dickkopf-1 (Dkk-1), a Wnt antagonist. Wnt 3a stimulation also increased the expression 
levels of osterix and Runx2 which was accompanied by intense ALP staining, in HPLSC spheroids, whereas the addition of 
Dkk-1 decreased both expression levels and ALP staining. These findings indicate that HPLSC spheroids enhance osteogen-
ic differentiation because cells, composed of spheroids, induce susceptibility of the canonical Wnt pathway, which is medi-
ated by activation of the integrin/FAK pathway during spheroid formation.
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Introduction
Human adult mesenchymal stem cells (MSCs) are a population of 
multipotent progenitor cells present in bone marrow and most connec-
tive tissues with the potential to differentiate into various cell types, 
such as osteoblasts, chondrocytes, and adipocytes1, 2). Tooth-related tis-
sues are extremely rich sources of multipotent MSCs, especially human 
periodontal ligament stem cells (HPLSCs) have the potential to differen-
tiate into osteoblasts and adipocytes3). Hence, HPLSCs have been inves-
tigated for therapeutic regeneration of bone and periodontal tissues2-4). 
Therefore, it is important to understand the molecular mechanisms un-
derlying the osteogenic differentiation of HPLSCs.
Although MSCs are generally cultured as two-dimensional (2D) 
monolayers, the three-dimensional cell culture technique has been used 
widely in many fields of biomedical research. In comparison with con-
ventional 2D monolayer cultures, which are unable to construct the nor-
mal cell–cell interactions present in vivo, cells in spheroids more closely 
mimic the in vivo situation with regard to differentiation patterns and 
spatial cell–cell and cell–extracellular matrix (ECM) interactions5, 6). 
These advantages have led to the increasing use of spheroids as models 
for studies of differentiation and tissue morphology7, 8).
The initial step of the formation of multicellular spheroids is in-
volved in cell–cell contact due to cell aggregation. Several reports have 
described the roles of cadherins and integrins in the process of spheroid 
formation9–11). Many cell–cell and cell–EMC interactions are regulated 
by integrins, a large family of proteins that function as heterodimeric 
transmembrane receptors of α- and β-subunits and act to link cells to 
ECM proteins12, 13). The integrin α5β1 mediates strong cohesively in cel-
lular aggregates of spheroids9). Because integrins allow osteoblasts to 
interact with the ECM and mediate the differentiation of MCSs into os-
teoblasts14, 15), activation of the integrin signaling pathway of MSC sphe-
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roids is thought to accelerate osteogenic differentiation. 
Activation of the integrin pathway facilitates activation of the ca-
nonical Wnt/β-catenin signaling pathway16). Wnt signaling pathway is 
responsible for a variety of cellular processes including fate specifica-
tion, establishment of polarity, proliferation, migration, and tissue mor-
phogenesis17). A growing body of evidence suggests that the canonical 
Wnt/β-catenin pathway may play an important role in regulating osteo-
genic differentiation of MSCs18–24). As an effect of the activated canoni-
cal Wnt pathway on enhancement of osteogenesis, binding of canonical 
Wnt proteins to Frizzled receptors and the LRP5 and LRP6 co-receptors 
leads to the inhibition of glycogen synthase kinase 3β (GSK-3β) and de-
creased degradation of β-catenin. Stabilization of β-catenin leads to its 
translocation into the nucleus where, once associated with the TCF/LEF 
transcription factors, it triggers the transcription of osteogenic gene. 
Therefore, we hypothesized that activation of the integrin pathway in 
MSC spheroids will lead to the enhancement of osteogenic differentia-
tion mediated by the canonical Wnt/β-catenin pathway. 
Thus, the purpose of this study was to test the hypothesis that sus-
ceptibility of the canonical Wnt/β-catenin signaling pathway can accel-
erate osteogenic differentiation of HPLSC spheroids. To test this hy-
pothesis, several aims were developed to determine whether HPLSC 
spheroids represent activation of the integrin pathway and enhancement 
of osteogenic differentiation through integrin activation of the canonical 
Wnt/β-catenin signaling pathway. 
Materials and Methods
Reagents and antibodies (Abs)
Fetal bovine serum (FBS) was purchased from HyClone Laborato-
ries Inc. (South Logan, UT, USA). Dulbecco’s modified Eagle’s medium 
(DMEM) was purchased from Fujifilm WakoPure Chemical Co. (Osaka, 
Japan), while 1× antibiotic–antimycotic solution (1× Anti-Anti), 0.25% 
trypsin/ethylenediaminetetraacetic acid (EDTA), and goat anti-rabbit 
immunoglobulin G-Alxa Flour 488 were obtained from Invitrogen Cor-
poration (Carlsbad, CA, USA). Hoechst 33324 nucleic acid stain, an al-
kaline phosphatase (ALP) kit, and monoclonal Ab against β-actin were 
purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). The 
PierceTMBCA Protein Assay Kit was obtained from Thermo Fisher Sci-
entific (Rockford, IL, USA). Rabbit anti-Sp7/osterix, and rabbit an-
ti-runt-related transcription factor 2 (Runx2) were obtained from Abcam 
Inc. (Cambridge, UK). Rabbit anti-focal adhesion kinase (FAK), rabbit 
monoclonal anti-phospho-FAK (Tyr397, p-FAK), rabbit anti-integrin β1, 
rabbit anti-glycogen synthase kinase 3β(GSK-3β), rabbit anti-T-cell fac-
tor (TCF), and rabbit anti-β-catenin were purchased from Cell Signaling 
Technology (Danvers, MA, USA). Recombinant human Wnt 3a protein 
was obtained from R&D Systems, Inc. (Minneapolis, MN, USA). Re-
combinant human Dickkopf-1 (Dkk-1) was purchased from Funakoshi 
Co., Ltd. (Tokyo, Japan).
Cell culture
HPLSCs were stored at the Department of Endodontology and Oper-
ative Dentistry, Division of Oral Rehabilitation, Faculty of Dental Sci-
ence, Kyushu University2). Cryopreserved HPLSCs were thawed and 
plated onto a tissue culture dish maintained in DMEM supplemented 
with 10% (v/v) FBS and 1× Anti-Anti solution, then dissociated with 
0.25% trypsin/EDTA, counted, and either re-plated for monolayer cul-
ture or used for spheroid formation.
Spheroid formation of HPLSCs
Dissociated HPLSC monolayers were responded in medium to ob-
tain a single cell suspension. HPLSCs (1x105 cells/ml, corresponding to 
approximately 10,000 cells/well) were added to the wells of Corning®96 
well Ultralow Attachment microplates (Corning Inc., Corning, NY, 
USA) and incubated in medium at 37°C for 24 h.
Osteogenic differential of monolayer- and spheroid-derived HPLSCs, 
and HPLSC spheroids
To generate spheroid-derived HPLSCs, HPLSC spheroids, after 24 h 
of suspension culture in Ultralow Attachment microplates, were washed 
three times with phosphate-buffered saline (PBS) and incubated with 
0.25% trypsin-EDTA solution at 37°C for 15 min with mechanical agi-
tation until a single cell suspension was obtained. Dissociated cells were 
plated and cultured until reaching confluence. Confluent monolayers, 
spheroid-derived HPLSCs and HPLSC spheroids were cultured in oste-
ogenic induction medium (OIM), which was composed of DMEM sup-
plemented with 100 nM dexamethasone, 50 µM ascorbic acid, 10 mM 
β-glycerophosphate, and 10% FBS. The OIM was replaced three times 
each week. For a Wnt 3a-stimulation experiment, confluent cells and 
HPLSC spheroids were incubated with OIM alone, a mixture of OIM 
and Wnt 3a, or a mixture of OIM, Wnt 3a (50 ng/ml), and Dkk-1 (250 
ng/ml) for 1 week. 
ALP staining
HPLSC spheroids stimulated by Wnt3a with or without Dkk-1 were 
frozen using OCT compound. Frozen sections of HPLSC spheroids 
were used for ALP staining. Monolayer and spheroid-derived HPLSCs 
as well as frozen sections of spheroids were stained with an ALP kit 
containing Fast Red Violet solution and naphthol AS-BI phosphate solu-
tion, in accordance with the manufacturer’s instructions. Briefly, cells 
and sections were fixed with citrate–acetone–formaldehyde for 30 s, 
rinsed with distilled water (DW), then incubated with alkaline-dye mix-
ture for 15 min and washed again with DW. The reaction product was 
evaluated by microscope.
Western blot analysis 
Monolayer- and spheroid-derived HPLSCs as well as HPLSC sphe-
roids were lysed in cell lysis buffer containing 1× protease/phosphatase 
inhibitor cocktail. Protein concentrations were measured with the Pierce 
BCA Protein Assay Kit. Equal amounts (15 µg) of protein along with a 
protein marker (Precision Plus ProteinTM Western CTM Standards; Bio-
Rad Laboratories, Hercules, CA, USA) were separated on Mini-PRO-
TEAN®TGXTM Precast Gels for 30 min at 200 V. The Trans-Blot®Turbo 
Transfer System (Bio-Rad Laboratories) was used to transfer the sepa-
rated proteins to a polyvinylidene fluoride membrane. Western blots 
were processed using the iBindTM Western System (Life Technologies, 
Carlsbad, CA, USA) with primary Abs and horseradish peroxidase-con-
jugated secondary Abs. β-actin was used as a loading control. An en-
hanced chemiluminescence system (SignalFire Plus ECL Reagent; Cell 
Signaling Technology(Danvers, MA, USA)) was used to develop the 
protein bands. The protein levels were quantified by densitometry using 
the ImageQuantTM LAS 4000 biomolecular imager (GE Healthcare, 
Uppsala, Sweden). Band densities are presented as fold-increases of the 
expression levels of primary Abs (normalized to β-actin) and compared 
with the results of the control. Quantification results are shown below 
the corresponding blots. The densitometry data were from a representa-
tive of three independent experiments.
Immunocytochemical assay
After washing with PBS, the HPLSCs and frozen sections of sphe-
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roids were fixed with 4% paraformaldehyde for 10 min at room temper-
ature (RT), permeabilized with 0.5% Triton-X in PBS for 10 min, then 
blocked with10% normal goat serum at RT for 10 min and incubated at 
4°C with primary Abs (dilution, 1:100). After three washes with PBS for 
5 min each, the cells were incubated with a combination of secondary 
Abs with Alexa Flour 488 or 568 (1:200) and Hoechst 33342 (5 µg/ml), 
as the nuclear stain (blue), at RT for 45 min. The stained cells were 
mounted with ProLong Gold Antifade Mountant (Invitrogen Corpora-
tion) and viewed under a light microscope (Keyence Corporation of 
America, Elmwood Park, NJ, USA).
Results
Generation of HPLSC spheroids 
HPLSC spheroids were generated in low-binding plates that can 
generate a single spheroid per well. The spheroid formation process 
consists of three phases (Fig. 1). After the HPLSCs were dispersed in 
the plates at 0 h (“ cell dispersion”), they had spontaneously and loosely 
aggregated in the medium at approximately 3 h (“cell aggregation”). 
Cell aggregates began to generate a compact accumulation. Finally, 
HPLSCs formed compact spheroids after 24 h (“spheroid compaction”).
HPLSC spheroid formation enhances osteogenic differentiation
We assessed the expression levels of osteogenic proteins and ALP 
staining in monolayer- and spheroid-derived HPLSCs to elucidate the 
effect of OIM on spheroid culture systems of these cells. Osterix and 
Runx2 are known markers of an early phase of osteogenesis. We first 
examined whether expression levels of both proteins were up-regulated 
in spheroid-derived HPLSCs cultured with OIM. As demonstrated by 
western blot analysis, spheroid-derived HPLSCs cultured with OIM 
showed enhanced expression levels of osterix and Runx2 on day 7, as 
compared with monolayered HPLSCs (Fig. 2A). In accordance with the 
western blot results, the intensity of ALP staining in spheroid-derived 
HPLSCs was increased on day 7, whereas there was no change in the 
staining intensity of ALP activity in both the monolayer- and sphe-
roid-derived HPLSCs on day 0 (Fig. 2B). These findings indicate that 
osteogenic differentiation was enhanced in HPLSC spheroids with OIM.
Integrin signaling through FAK is accelerated in HPLSC spheroids 
We next investigated whether the integrin signaling pathway was ac-
tivated in HPLSC spheroids by immunocytochemical and western blot 
analysis of FAK. Immunocytochemical detection of integrin β and 
p-FAK was assessed in monolayer- and HPLSC spheroids (Fig. 3A). In-
tegrin β expression was observed in the membranes of HPLSC sphe-
roids whereas monolayered cells showed no staining. Remarkable stain-
ing of p-FAK was also revealed by HPLSC spheroids as compared with 
monolayered cells. In accordance with the immunocytochemical results, 
Figure 1. Spheroid formation of HPLSCs. Representative phase-contrast images of HPLSC spheroids at 0, 3, and 24 h. The process of spheroid 
formation is divided into three phases: cell dispersion, cell aggregation, and spheroid compaction. Scale bars = 500 µm.
0 h 3 h 24 h
Figure 2. Enhancement of osteogenic differentiation of HPLSC spheroids. A: Western blot analysis of Runx2 and osterix expression of monolay-
er- and spheroid-derived HPLSCs treated with or without OIM for 7 days. β-actin was used as a loading control. B: Staining for ALP activity in 
monolayer- and spheroid-derived HPLSCs cultured with OIM for 0 and 7 days.
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the expression levels of p-FAK were increased in HPLSC spheroids 
(Fig. 3B). These findings suggest that during spheroid formation, the in-
tegrin signaling pathway may be activated through FAK in HPLSCs 
composed of spheroids.
Wnt 3a stimulation enhances canonical Wnt signaling-mediated oste-
ogenic differentiation of HPLSC spheroids   
The results presented in Fig. 3 prompted us to examine the suscepti-
bility of HPLSC spheroids to Wnt 3a stimulation because enhancement 
of the integrin/FAK signaling pathway can induce activation of the ca-
nonical Wnt/β-catenin pathway. Therefore, we first investigated whether 
Wnt 3a treatment can accelerate activation of the Wnt/β-catenin path-
way through GSK-3β, β-catenin, and FAK. As shown in Fig. 4A, Wnt 
3a induced an increase in the expression levels of β-catenin and TCF, 
which was effectively decreased by DKK-1, a Wnt antagonist. In con-
trast, GSK-3β expression was slightly decreased in HPLSC spheroids 
treated with Wnt 3a (Fig. 4A). These findings suggest that Wnt 3a stim-
ulation may induce the enhancement of canonical Wnt/β-catenin path-
way through the attenuation of GSK-3β activity. We next examined the 
effect of Wnt 3a stimulation on enhanced osteogenic differentiation of 
Figure 3. Activation of the integrin signaling pathway in HPLSC spheroids. A: Representative images of immunocytochemical detection of inte-
grin β1 and p-FAK in monolayer- and spheroid-cultured HPLSCs cultured with OIM for 1 week.
Scale bar = 50 µm. B: Western blot analysis of FAK and phosphorylated FAK in monolayer- and spheroid-cultured HPLSCs cultured with OIM 
for 1 week. β-actin was used as a loading control. Similar results were obtained in three independent experiments.
Figure 4. Wnt 3a stimulation in HPLSC spheroids. HPLSC spheroids were cultured with combination of drugs (OIM alone, OIM + Wnt 3a, or 
OIM + Wnt 3a + Dkk-1) for 1 week. A: Western blot analysis of β-catenin, GSK-3β and TCF. β-actin was used as a loading control. Similar re-
sults were obtained in three independent experiments. B: Western blot analysis of osterix and Runx2. β-actin was used as a loading control. C: 
Staining of frozen sections of HPLSC spheroids for ALP activity following treatment with a combination of drugs. Bars = 50 µm.
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HPLSC spheroids. Increased expression levels of osterix and Runx2 
were observed in HPLSC spheroids treated with Wnt 3a, which was ef-
fectively decreased by the addition of Dkk-1 (Fig. 4B). As shown in Fig. 
4C, Wnt 3a also induced a drastic increase in ALP staining in HPLSC 
spheroids. Wnt 3a-induced ALP activity was decreased in HPLSC sphe-
roids treated with a combination of Wnt 3a and Dkk-1 (Fig. 4C). These 
findings indicate that HPLSC spheroids are susceptible to Wnt 3a stimu-
lation, which results in enhanced osteogenic differentiation of HPLSC 
spheroids through the activity of the canonical Wnt/β-catenin pathway.
Discussion
A number of three-dimensional cell culture models have been ex-
plored , because spheroid cultures particularly allow cells to adapt a na-
tive morphology, thereby promoting greater cell–cell contacts and inter-
actions with the ECM25). Our recent studies demonstrated that MSC 
spheroids had enhanced potential for osteogenic differentiation, as com-
pared with monolayered MSCs26, 27). The results of the present study in-
dicate that the formation of HPLSC spheroids can induce susceptibility 
to osteogenic differentiation through the canonical Wnt/β-catenin signa-
ling pathway, which is enhanced by activation of the integrin/FAK path-
way.
We demonstrated that OIM induced the enhancement of osteogenic 
differentiation of spheroid-derived HPLSCs, as compared with mon-
olayer-derived HPLSCs. MSCs cultured with OIM are characterized by 
an increase in ALP at early stages, followed by matrix deposition, matu-
ration, and mineralization at later stages28, 29). In this study, enhanced 
staining with ALP was observed in spheroid-derived HPLSCs cultured 
with OIM. Similarly, spheroid-derived HPLSCs cultured with OIM 
showed increased expression levels of Runx2 and osterix, which are 
known markers of the early stage of osteogenesis27, 30, 31), by western blot 
analysis. These findings indicate that, as compared with monolayer-de-
rived HPLSCs, HPLSC spheroids are more susceptible to osteogenic 
differentiation, resulting in accelerated osteogenic differentiation in the 
early stage.
On the basis of our results concerning immunocytochemical detec-
tion of integrin β1 and increased expression levels of p-FAK, we pro-
pose that activation of the integrin signaling pathway is induced in 
HPLSCs during the formation of spheroids. An initial step of spheroid 
formation is involved in cell–cell contact due to cell aggregation that is 
mediated through integrin–ECM interactions32). In this study, immuno-
cytochemical expression of integrin β1 was observed in the cell mem-
brane of HPLSC spheroids, indicating that the formation of HPLSC 
spheroids is mediated through integrins. The cell binding mediated by 
integrins leads to the recruitment and phosphorylation of FAK and acti-
vation of several kinases16, 33). FAK is a cytoplasmic tyrosine kinase 
identified as a key mediator of intracellular signaling by integrins in the 
regulation of different functions in a variety of cells34). Our western blot 
analysis showing up-regulation of p-FAK in HPLSC spheroids support 
this report. The integrin signal pathway is mediated largely through two 
receptor-associated kinases, integrin-linked kinase and FAK35, 36). There-
fore, unlike monolayer-derived cells, HPLSC spheroids elicit activation 
of the integrin signaling pathway through FAK, which is assumed to be 
required for osteogenic differentiation of these cells.
Western blot analysis showing up- and down-regulation of β-catenin 
and GSK-3β expression, respectively, suggests activation of the canoni-
cal Wnt/β-catenin pathway in the HPLSC spheroids with the activation 
of the integrin/FAK pathway. This finding supports a recent study that 
activation of the integrin pathway accelerates the canonical Wnt/β-cat-
ening signaling pathway16). HPLSC spheroids under control of the acti-
vated canonical Wnt pathway must be susceptible to Wnt 3a stimulation. 
Wnt 3a activates the canonical Wnt pathway through the formation of a 
complex of Wnt, Frizzled, and LRP5 or LRP6 that promotes the phos-
phorylation of GSK-3β, resulting in inhibition of the kinase activity of 
GSK-3β. Inactivation of GSK-3β facilities accumulation of β-catenin in 
the target cells, followed by translocation of accumulated β-catenin into 
the nucleus37). In this study, Wnt 3a stimulation resulted in the up-regu-
lation of the expression levels of Runx2 and osterix, and intense staining 
of ALP in HPLSC spheroids, indicating that HPLSC spheroids retain the 
activated canonical Wnt pathway. Dkk-1, a natural antagonist of Wnt 
signaling, binds to LRP-5/LRP-6, which inhibits translocation of β-cat-
enin into the nucleus and regulation of cell function38). Our results using 
a combination of Wnt3a and Dkk-1 revealed effective suppression of the 
expression of Runs2 and osterix, as well as decreased staining of ALP. 
These findings suggest that HPLSC spheroids become susceptible to os-
teogenic differentiation enhanced by activation of the canonical Wnt/
β-catenin signaling pathway, which is mediated by the integrin pathway 
through FAK.
There are three possible limitations to this study. First, there is a lack 
of direct evidence to define the precious mechanisms of the activated 
canonical Wnt pathway through activation of the integrin pathway. A re-
cent study revealed that the adaptor protein growth factor recep-
tor-bound-2 (Grb2) mediated synergy of Wnt and integrin signaling39). 
Grb2 coordinates signaling downstream of integrin/FAK and growth 
factor receptors to activate race and jnk. Grb2 also activates directly di-
sheveled (Dvl2) which is present in the downstream of the Wnt/Friz-
zled/LRP5 and LRP6 complex. Both jnk and Dvl2, once activated by 
Grb2, induce the stabilization of β-catenin, leading to its nuclear trans-
location. Therefore, we speculate that activation of the canonical Wnt/
β-catenin signaling pathway in HPLSC spheroids may be mediated by 
Grb2 downstream of the integrin/FAK pathway. Secondly, although the 
focus of this study was the role of the canonical Wnt signaling pathway, 
recent studies postulated that the Wnt calcium-dependent pathway, 
known as the one of two non-canonical Wnt pathways, is involved in 
osteoblast differentiation and bone formation40, 41). The Wnt calcium-de-
pendent pathway relies mainly on Wnt5a to stimulate the intracellular 
release of calcium to activate calmodulin-dependent kinase II, protein 
kinase C (PKC), and calcineurin. PKC activity induced by the non-ca-
nonical Wnt pathway is responsible for the enhancement of osteogenic 
differentiation, as confirmed both in vitro and in vivo. Therefore, further 
studies are warranted to investigate whether the non-canonical Wnt 
pathway relates to the process of osteogenic differentiation of HPLSC 
spheroids. Finally, this study may be limited by the lack of direct evi-
dence to investigate whether HPLSC spheroids treated with Wnt3a can 
accelerate bone formation in vivo. However, we expect that the implan-
tation of Wnt3a-stimulated HPLSC spheroids will promote bone regen-
eration in a bone defect model based on evidence of increased ALP 
staining in vitro.
In conclusion, this study revealed that HPLSC spheroids enhance 
osteogenic differentiation because cells, composed of spheroids, induce 
the susceptibility of the canonical Wnt pathway, which is mediated by 
activation of the integrin/FAK pathway during spheroid formation.
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